Nanoparticles (NPs) are widely used in delivering drugs, genes and probes for the diagnosis and treatment of various diseases[@b1][@b2]. Active targeting strategy was developed to improve the delivery efficiency through decorating with specific ligands targeting specific receptors that were over-expressed on the diseased cells[@b3][@b4][@b5]. Using tumors as models, active nanoscale tumor targeting drug delivery systems have led to a variety of outcomes, including elevated tumor cell uptake *in vitro*, enhanced tumor targeting, improved cancer bearing survival time, and reduced side-effects *in vivo*[@b4][@b6][@b7][@b8][@b9]. One successful example, doxorubicin-loaded targeted polymeric NPs (BIND-014), is currently under clinical evaluation[@b10]. However, the interaction of these systems with targeted cells or tissues have not yet been well addressed, and several basic concerns remain: (1) What is the difference between the mechanism of tumor cell internalization of targeted NPs and non-targeted NPs? (2) Is there a significant difference in tumor localization between targeted NPs and non-targeted NPs? (3) Are there significant differences in cellular selectivity between targeted nanoparticles and non-targeted nanoparticles in the tumor site? (4) Is the targeting effect of targeting nanoparticles caused by specific recognition and enhanced internalization by tumor cells or by elevated endocytosis of macrophages in the tumor site[@b11]?

Interleukin 13 (IL-13) peptide can bind specifically and with high affinity to IL-13Rα2, a tumor-specific receptor overexpressed in glioma, and has demonstrated great potential for glioma targeting[@b12][@b13][@b14][@b15]. In this study, IL-13 peptide was conjugated to NPs to form a glioma targeting drug delivery system (ILNPs), which was used as a model to elucidate cancer targeting mechanisms of ligand-modified nanoparticles ([Figure 1a](#f1){ref-type="fig"}). The fluorescent dye coumarin-6 was encapsulated into NPs and ILNPs to track the particles inside cells. Quantitative cellular uptake was performed on both U87 (a glioma cell line that highly expressed IL-13Rα2) and Raw246.7 (a macrophage cell line with low IL-13Rα2 expression) cells ([Figure 1b](#f1){ref-type="fig"}, original data see [Supplementary Fig. S1](#s1){ref-type="supplementary-material"} online) to reveal the effect of ligand modification on cellular uptake. Endosomes were marked by Lysotracker Red to elucidate the participation of endosomes in the internalization process of NPs and ILNPs. Several inhibitors of cellular uptake were used to evaluate the involvement of different endocytosis pathways and the differences between NPs and ILNPs. Transmission electron microscopy (TEM) was used to directly observe the endocytosis pathways involved in the cellular uptake of superparamagnetic iron oxide (SPIO, 15 nm)-loaded ILNPs.

For *in vivo* evaluation, the near-infrared fluorescent dye DiR was loaded into NPs and ILNPs. The whole body distribution and glioma localization were evaluated by *in vivo* and *ex vivo* imaging. Brain slices were prepared and glioma cells, macrophages and microvessels were stained to further determine the difference in cell selectivity in the glioma site between NPs and ILNPs.

Results
=======

Characterization of NP
----------------------

The mean particle sizes, polydispersity index (PDI) and zeta potentials of the NPs and ILNPs were reported in [Supplementary Table S1](#s1){ref-type="supplementary-material"} online. Particle sizes were mostly between 100 nm to 125 nm and were narrowly distributed. Conjugation with the IL-13 peptide slightly changed the particle sizes and zeta potentials of nanoparticles. The morphology of ILNPs was spherical as demonstrated by TEM, while SPIO was loaded in the core of the ILNPs (see [Supplementary Fig. S2](#s1){ref-type="supplementary-material"} online). Both NPs and ILNPs were stable in phosphate buffered saline (PBS), as evidenced by the lack of obvious increases in either particle size or PDI during a 7-day long experiment (see [Supplementary Fig. S2](#s1){ref-type="supplementary-material"} online). Adding fetal bovine serum (FBS) to incubation medium could lead to protein adsorption on particles. However, no obvious difference was observed between NPs and ILNPs (see [Supplementary Fig. S2](#s1){ref-type="supplementary-material"} online), suggesting that modification with the IL-13 peptide did not significantly affect the stability of the particles. The encapsulation efficiency of DTX was 47.8% and the drug loading capacity was 1.59%[@b16]. The 24-h cumulative release percentages of both coumarin-6 and DiR from NPs or ILNPs were lower than 0.1%. Thus, these two probes could be utilized for the tracking of in vitro and in vivo behavior of NPs and ILNPs.

Anti-glioma effect
------------------

Although the IL-13 peptide exhibited excellent properties amenable to glioma targeting and higher glioma cell uptake was observed for nanocarriers anchored with IL-13 peptide[@b14][@b17], the anti-glioma effect of the IL-13 peptide modified drug delivery system remained unclear. In this study, the model drug docetaxel (DTX) was loaded into NPs and ILNPs. Treatment with different DTX formulations significantly prolonged the median survival time of glioma bearing mice ([Figure 2a](#f2){ref-type="fig"}). The control mice started dying on day 21, and all of the mice died during the following 9 days. Administering free DTX delayed death but it was not obvious, which was mainly due to the systemic distribution of DTX. Encapsulation of DTX into NPs further prolonged the median survival time of mice, from 30 days for the DTX group to 35 days. DTX-ILNPs exhibited the best anti-glioma activity, which was significantly better than those of saline, DTX and NPs (P = 0.001, 0.001, and 0.005, respectively). At the end of a 50-day long study, one mouse survived. Accordingly, glioma cells were widely apoptotic after treatment with DTX-loaded ILNPs, but only slight apoptosis occurred in gliomas from mice treated with DTX-loaded NPs or free DTX ([Figure 2b](#f2){ref-type="fig"}).

Cellular uptake
---------------

IL-13Rα2 is a tumor-specific receptor overexpressed in glioma cells[@b12]. Our data also showed that IL-13Rα2 was overexpressed on U87 cells and C6 cells, and that it was expressed at low levels on macrophages (Raw246.7 cells) and endothelial cells (bEnd.3 and HUVEC) ([Figure 1b](#f1){ref-type="fig"}). Thus, U87 cells and Raw246.7 cells were selected for the cellular uptake assay. The cellular uptake of nanoparticles was concentration- and time- dependent ([Figure 3](#f3){ref-type="fig"}). As the nanoparticle concentration increased, the uptake increased in both the NP and ILNP group ([Figure 3a](#f3){ref-type="fig"}). At an equal dose, the ILNPs were taken up by U87 cells at greater levels than NPs. However, the uptake of ILNPs by Raw246.7 cells (a macrophage cell line) was almost the same as that of NPs. The uptake ratio of ILNPs/NPs by U87 cells increased to over 1.4 at nanoparticles concentrations of 200 μg/mL and 800 μg/mL, while the uptake ratio by Raw246.7 cells was almost 1.0 ([Figure 3c](#f3){ref-type="fig"}), suggesting that conjugation with the IL-13 peptide selectively increased the targeting of nanoparticles to glioma cells rather than macrophage cells. Similarly, increasing the incubation time also enhanced the uptake of NPs and ILNPs by both U87 and Raw246.7 cells ([Figure 3b](#f3){ref-type="fig"}). However, the ILNPs/NPs uptake ratio by U87 cells decreased with time ([Figure 3d](#f3){ref-type="fig"}), indicating that a long incubation time could enhance non-specific uptake.

Intracellular localization
--------------------------

The internalization mechanisms and intracellular trafficking of nanoparticles requires further study, especially regarding the difference between targeted and non-targeted nanoparticles. Thus, this study examined the intracellular localization and subsequently the uptake mechanisms and intercellular trafficking. After 30-min incubation, the uptake of ILNPs by U87 cells was higher than that of NPs. ILNPs were distributed throughout the whole cell; however, the NPs were mostly co-localized with the endosomes, which were marked by LysoTracker Red, indicating that the cellular uptake was associated with the endosomes and modification with IL-13 peptide facilitated the transportation of nanoparticles into cytoplasm ([Figure 3e](#f3){ref-type="fig"}). After a 2-h incubation, the cellular uptake of ILNPs was still higher than that of NPs, while the colocalization of NPs with endosomes decreased and the fluorescence of NPs was dispersed throughout the whole cell, suggesting that the ILNPs might escape from the endosomes into the cytoplasm or be resorted to other organelles during the 2-h incubation ([Figure 3f](#f3){ref-type="fig"}).

Cellular uptake mechanisms and intercellular trafficking
--------------------------------------------------------

Endocytosis is the main pathway by which these nanoparticles were taken up into cells. Inhibitors and the response of NPs and ILNPs to the inhibitors were elucidated in [Table 1](#t1){ref-type="table"}. Cellular uptake of ILNPs and NPs by U87 cells was through energy-dependent endocytosis, as it was reduced to 78.0% and 82.4% of the control after energy depletion by sodium azide, respectively ([Figure 4a](#f4){ref-type="fig"}). In addition, the endocytosis inhibitor phenylarsine oxide greatly reduced the cellular uptake of ILNPs and NPs to 40.8% and 51.5% respectively, suggesting that endocytosis was involved in both the ILNPs and the NPs uptake. Endocytosis involves at least four basic mechanisms: caveolae-mediated endocytosis, clathrin-mediated endocytosis, macropinocytosis and clathrin and caveolae-independent endocytosis[@b18][@b19]. Clathrin-mediated endocytosis, used by all eukaryotic cells to internalize nutrients and degrade or recycle substances, is well-known for its role in the selective uptake of molecules through specific receptors[@b20]. Sucrose and chlorpromazine, blocking agents of clathrin-coated pit formation[@b19], considerably decreased the ILNPs uptake to 25.2% and 61.3%, respectively, indicating the involvement of clathrin-mediated endocytosis in ILNPs uptake. However, the sucrose and chlorpromazine only decreased the NPs uptake to 52.9% and 95.7%, respectively, which were considerably higher than the uptake for the ILNPs, suggesting the clathrin-mediated endocytosis was more important for the uptake of ILNPs than for that of NPs. Filipin, a special inhibitor of caveolae-associated endocytosis[@b21], significantly (P = 0.003) decreased the ILNPs uptake, while it had no significant inhibition effect on the NPs uptake, indicating that caveolae-associated endocytosis was involved in the ILNPs uptake but not in the NPs uptake. Nocodazole, an inhibitor of macropinocytosis, and cytochalasin D, microtubule-disrupting agents[@b22], significantly (P = 0.0006) decreased the uptake of NPs to 71.9% and 61.4%, while they only decreased the uptake of ILNPs to 90.2% and 63.6%, suggesting that macropinocytosis was more important for NPs uptake than for ILNPs uptake. The Golgi apparatus and lysosomes have important roles in both intracellular cargo transport and disposition[@b23][@b24]. In this study, brefeldin A (BFA), which disrupts the Golgi apparatus, significantly (P = 0.028) decreased the uptake of ILNPs rather than NPs, suggesting the involvement of the Golgi apparatus in the intracellular transport of ILNPs. Although the lysosome inhibitor monensin considerably decreased the uptake of ILNPs and NPs, the uptake of ILNPs was obviously lower than that of NPs, indicating that lysosomes are involved in the intracellular transport of both ILNPs and NPs.

To more precisely determine the main uptake pathway, different concentrations of chlorpromazine, nocodazole and cytochalasin D were used in the uptake inhibition study. Although both 5 μg/mL and 20 μg/mL chlorpromazine could significantly inhibit the uptake of ILNPs and NPs, the relative uptake of ILNPs was much lower than that of NPs ([Figure 4b](#f4){ref-type="fig"}). At the same time, the relative uptake of ILNPs in the presence of sucrose was considerably lower than that of NPs, suggesting that clathrin-mediated endocytosis was a more important endocytosis pathway for ILNPs than for NPs. On the contrary, nocodazole and cytochalasin D inhibited the uptake of NPs to a greater extent than that of ILNPs ([Figure 4c](#f4){ref-type="fig"}). The uptake inhibition by 50 μM nocodazole was considerably stronger for NPs than for ILNPs. Cytochalasin D, even at concentrations as low as 2.5 μM, could considerably decrease the uptake of NPs rather than ILNPs. These results suggested that macropinocytosis was a more important pathway for NPs uptake than for ILNPs uptake.

*In vitro* cellular internalization visualized by TEM
-----------------------------------------------------

According to the uptake inhibition study, several pathways were involved in the endocytosis procedure of nanoparticles. To clearly identify these pathways, TEM was utilized to capture these procedures, and SPIO was used to track the ILNPs. Several pathways were captured ([Figure 5](#f5){ref-type="fig"}). SPIO can be observed in the gaps between cells, or be internalized into cells and in cell endosomes. Some typical macropinosomes had already been formed ([Figure 5a](#f5){ref-type="fig"}) or was beginning to form ([Figure 5h, e](#f5){ref-type="fig"}), which directly demonstrated the involvement of macropinocytosis. Clathrin-dependent pinocytosis and receptor-mediated endocytosis can form pits, as can be observed in [Figure 5b](#f5){ref-type="fig"}. However, the pit could not be identified as clathrin-dependent or receptor-mediated. Some SPIOs-loaded ILNPs were captured in the phagosome ([Figure 5g, i](#f5){ref-type="fig"}), suggesting that the ILNPs uptake involved phagocytosis.

*In vivo* imaging
-----------------

Controversy exists regarding the function of targeting ligands. Most results have shown increased accumulation in the tumor site when NPs are functionalized with tumor targeting ligands, while some results have shown no difference between ligand modified NPs and unmodified NPs[@b6]. However, modification with targeting ligands indeed increased the internalization into tumor cells[@b25]. *In vivo* imaging is a powerful method that indicates *in situ* whole body distribution of dye-loaded particles during a period of time[@b26][@b27]. To confirm the targeting effect *in vivo*, the whole body distribution of DiR-loaded NPs and ILNPs was determined by *in vivo* imaging ([Figure 6](#f6){ref-type="fig"}). ILNPs were specifically targeted to gliomas with greater efficiency than NPs. ILNPs and NPs were both located in the glioma bed as confirmed by 3D reconstruction ([Video S1](#s1){ref-type="supplementary-material"} and [Video S2](#s1){ref-type="supplementary-material"}). The superior glioma targeting efficiency of ILNPs was further demonstrated by *ex vivo* imaging of the brain ([Figure 6c, d](#f6){ref-type="fig"}). The intensity in normal brain was almost the same between NPs and ILNPs, but the intensity of ILNPs in the glioma was 3.81-fold higher than that of NPs. However, both NPs and ILNPs could distribute into normal tissues without significant difference, which might cause side effects.

Tissue distribution
-------------------

To further elucidate the distribution of NPs and ILNPs in glioma bearing brains, frozen sections were prepared. The ILNPs and NPs exhibited different distributions in the tumor site ([Figure 7](#f7){ref-type="fig"}). ILNPs were present in the tumor at much higher levels than NPs, consistent with the *in vivo* imaging study. Macrophages and microvessels were stained to accurately elucidate the distribution in the glioma site. There was no obvious difference between NPs and ILNPs in colocalization with macrophages ([Figure 7a](#f7){ref-type="fig"}) and microvessels ([Figure 7b](#f7){ref-type="fig"}). In contrast, ILNPs showed good colocalization with glioma cells, suggesting that conjugation with the IL-13 peptide enhanced the internalization of nanoparticles by glioma cells rather than other cells in the glioma bed.

Discussion
==========

In this study, an *in vivo* glioma bearing mice survival study and a glioma apoptosis experiment were carried out to determine the effects of targeting ligands modification to nanoparticles on glioma management. DTX-ILNPs exhibited significantly better anti-glioma activities than DTX-NPs, DTX and saline. These effects were consistent with many other studies showing that modification with glioma targeting ligands improved the anti-glioma efficiency of drug-loaded systems[@b27][@b28][@b29][@b30]. Thus, NPs and ILNPs could be utilized to elucidate the function of glioma targeting ligand modification.

In vitro cellular uptake demonstrated that conjugation with the IL-13 peptide selectively increased the targeting to glioma cells rather than macrophage cells, making them useful for enhanced glioma treatment. However, the ILNPs/NPs uptake ratio by U87 cells decreased when the incubation time increased, indicating that a long incubation time could enhance non-specific uptake and reduce the difference in cellular uptake between targeted and non-targeted nanoparticles, and it was consistent with previous results[@b31]. These results demonstrated that modification with targeting ligands facilitated nanoparticles uptake by target cells but exhibited no effect on non-target cells, which was in good agreement with other studies[@b16][@b32]. The selective targeting effect of ILNPs to glioma cells was further evaluated by intracellular location study. It indicated that modification with the IL-13 peptide could facilitate the internalization process, leading to more rapid distribution of nanoparticles throughout the cytoplasm. The increased endosomal escape after nanoparticle modification with targeting ligands has also been demonstrated by many other studies[@b21][@b33][@b34], and this may explain why targeting ligand modification increased the cellular uptake of nanoparticles. It was pointed out that receptor ubiquitination could trigger the clathrin-coated pit scission from the membrane and complete the endocytic procedure[@b35]. Preubiquitinated epidermal growth factor receptor (EGFR) and ErbB2 could be constitutively endocytosed into cells[@b36][@b37]. Thus, the interaction between targeting ligands and receptors may induce the ubiquitination of receptors, leading to a rapid endocytosis of ligand-modified nanoparticles. However, this hypothesis need to be further explored.

Although several pathways participated into the uptake procedures of both NPs and ILNPs, it should be noted that the conjugation of the IL-13 peptide to nanoparticles could change the main uptake pathway from macropinocytosis to clathrin-mediated endocytosis. This may because the conjugation with IL-13 peptide considerably increased the uptake rate through IL13Rα2-mediated endocytosis, which was demonstrated by the intracellular localization study. These results are consistent with other studies showing that the endocytosis pathway differs between target and non-target cells[@b38]. However, inconsistent data have also been published in this field (see [Supplementary Table S2](#s1){ref-type="supplementary-material"} online for the uptake mechanisms of several targeted NPs). Clathrin-mediated endocytosis is a pathway involved in many proteins, which possess different roles in the endocytosis procedure. Selective knockdown the expression of specific proteins resulted in different influences on the clathrin-mediated endocytosis of different receptors[@b39]. For example, knockdowning clathrin heavy chain and dynamin produced maximal inhibitory effects on the internalization of both EGFR and transferrin receptors while clathrin-assembly lymphoid myeloid leukemia protein did not influence transferrin endocytosis but considerably affected EGFR internalization. As demonstrated in this study, ligands modification on nanoparticles could change the main endocytosis pathway from macropinocytosis to clathrin-mediated endocytosis. However, it is not clear that the clathrin-mediated endocytosis of ligand-modified nanoparticles is similar or different from the endocytosis of free ligands, which is interesting and needs further investigation. The results will be useful for the selection of conjugation methods of ligands onto nanoparticles.

The *in vivo* distribution data forcefully demonstrated that modification with the IL-13 peptide could increase the glioma localization of nanoparticles, which was in agreement with many previous reports[@b14][@b27][@b28][@b31]. However, most reports have only demonstrated enhanced distribution to the glioma by targeted delivery, while the localization of the nanoparticles in various cell types was not clear[@b16][@b40]. Similar to uptake by Raw246.7 cells, there was no obvious difference between NPs and ILNPs in colocalization with macrophages, suggesting that modification with the IL-13 peptide did not alter the distribution in non-target cells. The colocalization with microvessels also showed no significant difference between NPs and ILNPs, indicating that the increased localization in the tumor was not caused by adhesion onto/into microvessels. These results are likely due to the low expression of IL-13Rα2 on macrophages and endothelial cells. In contrast, ILNPs showed good colocalization with glioma cells, suggesting that conjugation with the IL-13 peptide enhanced the internalization by glioma cells rather than other cells in the glioma bed. The increased internalization might be caused by IL-13Rα2-mediated endocytosis, which was demonstrated by *in vitro* cellular uptake. Combining these results, we concluded that IL-13 peptide modification increased rapid internalization by glioma cells and thus led to a greater distribution of ILNPs into the glioma bed from the blood circulation by the EPR effect.

This study provides the information about the function of ligands modification on nanoparticles, which is useful for the design of effective targeting delivery systems. However, the interaction between NPs and biological fluid/membranes occurs as soon as the NPs are introduced into a biological system and a protein corona would be formed[@b41]. Although many papers have been published regarding the use of various ligands to improve targeting effects and promising results have been provided, most *in vitro* studies (including this study) were performed free of serum. Modification with ligands may alter the interactions between NPs and serum protein and have a concessive effect on the interaction between NPs and cells, the blood circulation time of NPs, and their *in vivo* targeting effect. Thus, further studies need be carried out to elucidate the interaction between serum protein and targeting ligands, which is essential for optimizing the targeting delivery system.

In conclusion, conjugation with the glioma targeting IL-13 peptide selectively increased nanoparticles uptake and internalization by glioma cells rather than macrophage cells. The addition of the IL-13 peptide to nanoparticles clearly increased the cellular uptake mediated by clathrin-depended endocytosis, while the dominant uptake pathway for unmodified NPs is macrophagocytosis. However, only quantitative changes were observed in the uptake pathways, with most pathways active in both ILNPs and NPs uptake. *In vivo* experiments revealed that the modification with the IL-13 peptide significantly increased the distribution of nanoparticles in the glioma site and the increased delivery to the glioma was caused by elevated internalization by glioma cells rather than by macrophages or microvessels.

Methods
=======

Materials
---------

IL-13 peptide was synthesized by Chinapeptide (Shanghai, China). DTX was purchased from Knowshine (Shanghai, China). Methoxy poly(ethyleneglycol)-poly(ε-caprolactone) (MPEG-PCL)(Mw: 3 k--15 k) and carboxyl poly(ethylene glycol)-poly(ε-caprolactone) (HOOC-PEG-PCL)(Mw: 3.4 k--15 k) were synthesized as previously described[@b42].

BALB/c nude mice (male, 4--5 weeks, 18--22 g) were obtained from the Shanghai Slac Laboratory Animal Co, Ltd. (Shanghai, China) and maintained under standard housing conditions. All animal experiments were carried out in accordance with protocols evaluated and approved by the ethics committee of Fudan University.

Preparation and characterization of NPs
---------------------------------------

The PEG-PCL NPs were prepared by a previously described emulsion/solvent evaporation method[@b16]. Briefly, 28 mg of MPEG-PCL and 2 mg of HOOC-PEG-PCL were dissolved in 1 mL of dichloromethane and then added into 5 mL of a 0.6% sodium cholate hydrate solution. The mixture was then pulse sonicated for 75 s at 200 W on ice using a probe sonicator (Scientz Biotechnology Co. Ltd., China). Then, the emulsion was applied to a rotary evaporator to remove the dichloromethane and the NPs were condensed to a fixed concentration by ultrafiltration at 4,000 *g*.

For the IL-13 peptide conjugation (ILNPs), the carboxyl units of NPs were activated by EDC and NHS in a pH 6.0 MES buffer for 0.5 h. The MES buffer was then replaced by phosphate-buffered saline (PBS) (pH 7.4) using a Hitrap™ desalting column, and 50 μg of IL-13 peptide in 1 mL of PBS (pH 7.4) was added into the NPs suspension and stirred for 4 h in the dark. The product was then subjected to ultrafiltration to remove the unconjugated IL-13 peptide, and the nanoparticles were collected. SPIO-, coumarin-6- and DiR-loaded ILNPs were prepared using the same procedure except that the materials were dissolved in 1 mL of dichloromethane, which contained SPIO, coumarin-6 or DiR.

The particle sizes and Zeta potentials were determined by a Malvern Zeta Sizer (Malvern, NanoZS, UK). The ILNPs morphology was carried examined by TEM after staining with 2% (w/v) phosphotungstic acid solution.

The stability of the NPs and ILNPs was evaluated in PBS and FBS. NPs and ILNPs were suspended in PBS (pH 5.0 and pH 7.4) at 0.2 mg/mL in a 37°C shaker. The particle size and PDI were measured every day for 7 days. To evaluate the stability in FBS, NPs and ILNPs were suspended in PBS (pH 7.4) supplemented with FBS (0%, 50% and 90%). Then 0.2 mg/mL NPs and ILNPs were incubated in a 37°C shaker. The absorbance of the NPs and ILNPs at 560 nm was measured at preset time points.

Anti-glioma effect
------------------

Glioma bearing mice were established as described previously[@b43]. Mice were anesthetized and fixed on a stereotaxic apparatus. A 5 μL suspension containing 5 × 10^5^ U87 cells was slowly injected into the right corpus striatum of the nude mice. Eight days post implantation, mice were randomly divided into four groups (9 mice for each group): saline, DTX, NPs and ILNPs. Mice received four injections of 10 mg/kg DTX in different formulations or an equal volume of saline every three days. The survival time of the mice was recorded and analyzed by IBM SPSS 19.0. On the 20^th^ day after cell injection, three mice in each group were chosen randomly to determine the glioma cell apoptosis.

Cellular uptake
---------------

U87 glioma cells and Raw246.7 cells in the logarithmic growth phase were seeded on 24-well plates at a density of 1 × 10^4^ cells/mL. Twenty four hours later, different concentrations of coumarin-6-loaded NPs or ILNPs were added into the wells and incubated for different periods of time. The adsorptive and free particles were removed by washing with ice-cold PBS and acid buffer \[120 mmol/L NaCl, 20 mmol/L sodium barbital, 20 mmol/L sodium acetate (pH 3)\] at 4°C for 5 min, followed by ice-cold PBS. To quantitatively determine the fluorescence intensity, the cells were digested and detected by a FACS Aria Cell Sorter (BD, USA).

Intracellular localization
--------------------------

U87 cells were seeded in glass-bottom dishes at a density of 1 × 10^4^ cells/mL and incubated at 37°C for 24 h. After a 5-min incubation in PBS, the cells were treated for 30 min or 120 min with 200 μg/mL coumarin-6 loaded NPs or ILNPs. Thirty minutes before the incubation ended, Lysotracker Red DND-99 (50 nmol/L), a marker of endolysosomal compartments, was added into the wells. After nuclear staining with DAPI (1 μg/mL) for 5 min, the cells were washed, fixed and mounted in fluorescent mounting medium. Images were captured with a confocal microscope (TCS SP5, Leica, Germany) and were superimposed to determine the intracellular localization of the nanoparticles.

Cellular uptake mechanism
-------------------------

U87 cells were seeded in 6-well plates at a density of 2 × 10^5^ cells/mL and incubated for 48 h. After a 20-min pre-incubation in DMEM, the cells were treated with 200 μg/mL of coumarin-6-loaded NPs or ILNPs and various inhibitors for 1 h respectively: PBS (control), 20 μg/mL chlorpromazine, 2 μmol/L phenylarsine oxide, 10 μg/mL filipin, 40 μmol/L cytochalasin D, 450 mmol/L sucrose, 0.1% w/v sodium azide, 200 nmol/L monensin, 50 μmol/L nacodazole, 20 μg/mL BFA. After washing with ice-cold PBS, acid buffer \[120 mmol/L NaCl, 20 mmol/L sodium barbital, 20 mmol/L sodium acetate (pH 3)\] at 4°C for 5 min and ice-cold PBS, the cells were digested and the mean fluorescence intensity was observed by flow cytometry (FACS Aria Cell Sorter, BD, USA). To more precisely determine the involvement of clathrin-mediated endocytosis and macropinocytosis, U87 cells in 6-well plates were treated with coumarin-6-loaded NPs or ILNPs in the presence of inhibitors with different concentrations: 1.25, 5 or 20 μg/mL chlorpromazine, 450 mmol/L sucrose, 2.5, 10 or 40 μmol/L cytochalasin D or 3.125, 12.5 or 50 μmol/L nocodazole. After 1 h incubation, cells were handled as described above.

*In vitro* internalization
--------------------------

U87 cells were seeded in the 10 cm dishes at a density of 1 × 10^5^ cells/mL. After 24 h incubation, cells were treated with 500 μg/mL SPIO-loaded ILNPs for 1 h. The cells were directly harvested with a cell scraper and centrifuged at 2500 rpm for 10 min. After fixation by a 2.5% glutaraldehyde solution, the cells were embedded in an epoxy resin, cut into ultra-thin sections with an ultramicrotome using a diamond knife, and mounted on 150 mesh copper grids. The cell ultrastructures were stained with uranyl acetate and lead citrate and then observed under TEM.

*In vivo* imaging
-----------------

The glioma bearing mice were established as described above. Ten days later, 2 mg/kg of DiR-loaded NPs or ILNPs were injected into the GBM bearing mice. The distribution of fluorescence was observed by an IVIS spectrum *in vivo* imaging system (Caliper, MA, USA) 2 h post injection. Mice were sacrificed at 2 h and the *ex vivo* image of the brain was also captured at that time.

Brain distribution
------------------

The DiR-loaded NPs were used to investigate the *in vivo* distribution of NPs in mice bearing U87 orthotopic glioma as described above, except that the U87 cells were prestained with 10 μmol/L DiI for 20 min at 37°C. Twelve days after tumor implantation, the DiR-loaded ILNPs or NPs were *i.v.* administered to the mice. After 2 h, the mice were anesthetized and the hearts were perfused with saline followed by 4% paraformaldehyde. The brain was removed for consecutive frozen sections of 5 μm thicknesses preparation. Macrophages were stained with anti-F4/80 antibody and microvessels were stained with anti-CD31 antibody. The distribution of fluorescence was observed by a confocal microscope (TCS SP5, Leica, Germany).

Statistic analysis
------------------

Data were presented as mean ± SD. Statistical differences in cell uptake and *in vivo* imaging were determined by student t test. The probability of survival was determined by the Kaplan-Meier method and compared by the log-rank test.
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![Elucidation of the study.\
(a) Elucidation of cancer targeting mechanisms of ligand-modified NPs. IL-13 peptide modification increases glioma distribution, selectively elevates internalization by glioma cells rather than macrophages and microvessels, and changes the dominant internalization pathway from macropinocytosis to receptor-mediated clathrin-dependent endocytosis. The photos and images shown were produced by Dr Huile Gao. (b) IL-13Rα2 expression in various cells including U87, Raw246.7, HUVEC (human umbilical vein endothelial cells), bEnd.3 (cell line used as brain microvessel endothelial cells), A549 (human non-small-cell lung carcinoma cell line) and C6 (rat glioma cell line). Full length original picture can be found as [Supplementary Fig. S1](#s1){ref-type="supplementary-material"}.](srep02534-f1){#f1}

![Anti glioma effect of DTX-loaded ILNPs.\
(a) Cumulative survival study of glioma bearing mice treated with 10 mg/kg DTX, DTX-loaded NPs, DTX-loaded ILNPs or saline (n = 6). (b) Terminal deoxynucleotide transferase dUTP Nick End Labeling (TUNEL) assay of slices of glioma bearing brains from mice treated with different formulations. Blue represents nuclei, while green represents apoptosis cells. The scale bar represents 200 μm.](srep02534-f2){#f2}

![Cellular uptake of ILNPs.\
(a) and (c) *In vitro* cellular uptake of different concentrations of coumarin-6-loaded NPs or ILNPs for 1 h. (b) and (d) Cellular uptake of 200 μg/mL coumarin-6-loaded NPs or ILNPs for different times. (e) Intracellular localization of coumarin-6-loaded NPs and ILNPs incubated with U87 cells for 0.5 h. (f) Intracellular localization of coumarin-6-loaded NPs and ILNPs incubated with U87 cells for 2 h. The nuclei were stained with DAPI and the endosomes were marked with LysoTracker Red.](srep02534-f3){#f3}

![Mechanisms of uptake of NPs and ILNPs by U87 cells.\
Cells were treated with 200 μg/mL coumarin-6-loaded ILNPs of NPs for 1 h in the presence of various inhibitors (a), different concentrations of chlorpromazine and sucrose (b), and different concentrations of nocodazole and Cytochalasin D (c). The uptake was presented as percentage of the control (n = 3). \**p* \< 0.05 vs control, ^\#^*p* \< 0.05 between NPs and ILNPs.](srep02534-f4){#f4}

![*In vitro* internalization of ILNPs.\
The SPIO-loaded ILNPs were observed internalized near the cell membrane, mediated by clathrin-dependent pinocytosis or receptor-mediated endocytosis (b), macropinocytosis (h and e), clathrin-independent pinocytosis (d) or phagocytosis (g). SPIO-loaded ILNPs were also observed in the gaps between cells (f), in the macropinosomes mediated by macropinocytosis (a), in the phagosomes mediated by phagocytosis (i) and in the endosomes (c).](srep02534-f5){#f5}

![*In vivo* and *ex vivo* imaging.\
(a) Fluorescent imaging of glioma bearing mice 2 h after administered DiR-loaded ILNPs. (b) Fluorescent imaging of glioma bearing mice 2 h after administration of DiR-loaded NPs. (c) *Ex vivo* imaging of brains 2 h after administration of DiR-loaded ILNPs and NPs. (d) Semi-quantitative results of fluorescence intensity of gliomas, \*\**p* \< 0.01 *vs* control.](srep02534-f6){#f6}

![Brain glioma distribution of DiR-loaded ILNPs.\
(a) The colocalization of ILNPs with macrophages stained with anti-F4/80 antibody. (b) The colocalization of ILNPs with microvessels stained with anti-CD31 antibody. Blue represents nuclei stained by DAPI, green are macrophages (a) or microvessels (b), red are glioma cells pre-stained by DiI, pink are DiR-loaded NPs or ILNPs, and the scale bar represents 100 μm.](srep02534-f7){#f7}

###### The function of different inhibitors and the response of NPs and ILNPs to these inhibitors

  Inhibitors                                Function                       NPs   ILNPs
  -------------------- -------------------------------------------------- ----- -------
  Sodium azide                               Energy                        \+     \+
  Phenylarsine oxide                      Endocytosis                      ++     ++
  Sucrose               Blocking agents of clathrin-coated pit formation   \+     ++
  chlorpromazine        Blocking agents of clathrin-coated pit formation    −     ++
  Nocodazole                     Inhibitor of macropinocytosis             \+      −
  Cytochalsin D                   Microtubule-disrupting agent             ++     \+
  Filipin                 Inhibitor of caveolae-associated endocytosis      −     \+
  BFA                            Disrupture of Golgi apparatus              −     \+
  Monensin                             lysosome inhibitor                   −     \+

"+" means positive response to the inhibitors, "++" means greatly positive response to the inhibitors, "−" means negative response to the inhibitors.
